Dwarf-planet (1) Ceres is one of the two targets, along with (4) Vesta, that will be studied by the NASA Dawn spacecraft via imaging, visible and near-infrared spectroscopy, and gamma-ray and neutron spectroscopy. While Ceres' visible and near-infrared disk-integrated spectra have been well characterized, little has been done about quantifying spectral variations over the surface. Any spectral variation would give us insights on the geographical variation of the composition and/or the surface age. The only work so far was that of Rivkin & Volquardsen (2010, Icarus 206, 327) who reported rotationally-resolved spectroscopic (diskintegrated) observations in the 2.2-4.0 µm range; their observations showed evidence for a relatively uniform surface.
Introduction 1
Ceres, discovered in 1801 by Giuseppe Piazzi, is -with a di-2 ameter of 935 km (Carry et al. 2008 ) -by far the largest asteroid 3 in the main asteroid belt. Interestingly, recent simulations (e.g., to lose most of its primordial mass. By furthering our under-10 standing of the physical properties (e.g., surface composition, 11 density, internal structure) of the largest asteroids, we may be 12 afforded a special opportunity to learn more about the forma-13 tion process of large planetesimals from which terrestrial plan-14 ets once accreted.
15
As one of the targets of the NASA Dawn mission (see ✩ Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere, Chile -program ID: 080.C-0881. 1 Deceased sell et al. 2004, for instance), Ceres recently has been the sub-17 ject of increased attention from the community (e.g., Parker 18 et al. 2002 , Nazzario et al. 2003 , Thomas et al. 2005 , Vernazza 19 et al. 2005 , McCord and Sotin 2005 , Li et al. 2006 , Rivkin et al. 20 2006 , Chamberlain et al. 2007 , Kovačević and Kuzmanoski 2007 Drummond and Christou 2008, Mousis et al. 2008, Milliken 22 and Rivkin 2009, Chamberlain et al. 2009, Castillo-Rogez and 23 McCord 2010, Moullet et al. 2010 , Rousselot et al. 2011 , and 24 references therein). Three topics seem to have drawn the most 25 attention: 1) characterization of the surface composition, 2) 26 thermodynamic modeling of the interior, and 3) determination 27 of the size, shape, spin, and albedo via disk-resolved imaging. 28 We summarize the main results here: 29 1. While Ceres' exact surface composition remains elusive 30 (see Rivkin et al. 2010 , for a review), the analysis of the 31 2.9-4.0 µm region has allowed the possible detection of 32 brucite and carbonate assemblages on its surface ( Eisenhauer et al. 2003 , Bonnet et al. 2004 ) at the European 65 Southern Observatory (Cerro Paranal, Chile) with one (UT4/Yepun)66 of the four 8-m telescopes of the Very Large Telescope (VLT) 67 facility.
68
Atmospheric conditions were excellent, with a seeing at vis-69 ible wavelengths of about 0.6 ′′ (reaching 1.1 ′′ at worst) and a 70 coherence time of 2-4 ms. The adaptive optics module of SIN-71 FONI was providing a high-quality correction: the wavefront 72 sensor used Ceres itself (V ∼ 7.3) as a reference, allowing high-73 frequency correction (420 Hz). Identical settings were used for 74 the observation of the standard stars (see below), and the qual-75 ity of the correction was similar in both cases.
76
The apparent diameter of Ceres at the time of the observa-77 tion was about 0.7 ′′ , so to search for spectral variations across 78 the asteroid surface, we used the high-angular-resolution mode 79 with an equivalent pixel size on sky of 25×12.5 milli-arcsec and 80 a field of view of 0.8×0.8 arcsecond. The high angular resolu-81 tion, resulting from the adaptive-optics correction coupled with 82 the excellent seeing conditions we had throughout the night (see 83  Table 1 ), allowed us to reach an average spatial resolution on 84 Ceres' surface of about 75 km (ranging from 55 to 98 km, de-85 pending on the wavelength, see Table 2 ). The same jitter pattern 86 was used at all epochs to ensure complete coverage of Ceres' 87 apparent disk given the narrow field of view: a single exposure 88 of Ceres is made at the center of the pattern, followed by four 89 others, taken in (x,y) steps of ± 0.2 arcsec from the central posi-90 tion. Then three sky exposures are taken 30 ′′ away from Ceres 91 (East -North -West). Exposure times were 90 s and 40 s in J 92 and H+K, respectively (we used 4 s and 1 s, respectively, for the 93 standard stars).
94
The observing circumstances are reported in Table 1 . We 95 list the mid-observation time (UT), grating used (J or H+K), 96 longitude of the sub-Earth and subsolar points (SEP λ and SSP λ , 97 respectively, computed using the pole solution by Carry et al. 98 (2008) ), airmass (X), and seeing (s). During our observations, 99 the latitude of the SEP and SSP was constant, of 3
• and 0
• , re-100 spectively.
101
Observations of standard (PSF) stars were interspersed with 102 Ceres observations throughout the night. Two stars were used: 103 HD 15474 (G5) and HD 28099 (G2V). Both stars have V ∼ 8.1, 104 slightly dimmer than Ceres (V ∼ 7.3 at the time of the obser-105 vations), and were located at 8.5
• and 22
• from Ceres respec-106 tively. We list in Table 2 the circumstances for those observa-107 tions, namely the mid-observation time (UT), the grating used 108 (J or H+K), the airmass (X), and the angular resolution mea-109 sured on the star itself after data reduction (Θ, corresponding Table 1 : Observing circumstances for (1) Ceres. For each observation, we report the mid-observation time in UT, the grating used to disperse the light, the longitude (λ) of the sub-Earth point (SEP) and subsolar point (SSP), their respective latitude β being 3 • and 0 • , the airmass (X), and the seeing (s).
to its full width at half maximum, FWHM). Although the see-2 ing and airmass varied thorough the night, the angular resolu-3 tion provided by the AO correction was very stable (Table 2) .
4
We therefore consider that the spatial resolution at Ceres was 5 55, 71, and 98 km in the J, H, and K-band wavelength ranges 6 (the resolution decreasing continuously from the shortest wave-7 length to the longest).
8
The basic data reduction was performed using the ESO pipeline Each spectrum extracted within the ROI was divided by the 23 spectrum of a standard star, taken close in time and in airmass (see Table 1 and dian filter to the reflectance spectra. The box size was set to 5 28 pixels, corresponding to 0.7 and 2.5 nm for J and H+K gratings 29 respectively. This width is narrow enough to have no influence 30 on the detection of absorption bands (resolving power remains 31 of several hundreds. The spectra are normalized to unity at 32 1.17 µm and 1.50 µm, respectively. These reflectance spectra 33 are plotted for each epoch in Figs 1 and 2 . 
Spectral analysis

35
Our observations covered most of Ceres's low-latitude re-36 gions (see Table 1 , and Fig. 3 ). In both wavelength ranges, we 37 observe very little deviation from the average (see Figs 1 and 2) . 38 To quantify precisely how the different reflectance spectra be-39 have with respect to the average, we utilized the two following 40 norms, sensitive to spectral deviation (i.e., presence of absorp-41 tion band), that we applied to all the spectra of each image-cube 42 (both J and H+K; spectra within the ROI) before (case a) and 43 after (case b) division by their spectral slope (≈continuum, re-44 normalized to unity at 1.17 µm and 1.50 µm, see Sect. 2):
where σ i and χ 2 i are the reduced "deviation" and "chi-square" 48 norms, S ⋆ the slope-removed spectrum used to estimate the Because both norms are reduced (i.e., they are normalized 5 by a measure of the noise), they give the level of confidence at 6 which a variation from the disk-integrated average spectrum is 7 detected: a spectrum equal to the average spectrum at all wave-8 lengths has a norm of 0, and a spectrum whose deviations to the 9 average spectrum are smaller than its intrinsic noise will have a 10 norm below 1.
11
We applied the norms before (a) and after (b) slope removal 12 to test if the spectral variation was mainly a slope variation or 13 if it could also be due to the presence of absorption bands.
14
We display in Fig. 4 the distribution of these two norms, trum with respect to the average one.
21
We then focused our attention on spectra with χ Table 1 ) are reported for each epoch. Absorption features at 2.05 µm visible in spectra taken at 00:48, 00:58, and 07:10 are telluric absorption not fully-corrected due to the high airmass of Ceres during the observations. with higher norms appeared at fixed positions on the SINFONI 
8
We finally investigated the spatial distribution of the spec-9 tral slope variation. For each spatial pixel, we computed the 10 spectral slope, and mapped it onto an Equidistant Cylindrical 11 Projection (ECP) (Fig 5) , following . The 12 slope variations were reproduced from image cube to image 13 cube, and were thus linked to the instrument. We corrected this 14 cosmetic problem by subtracting an average slope map at each 15 image cube. The first observations of the night were more af-16 fected by this noise pattern, and some residuals are still present 17 in the slope maps presented in Fig. 5 , between 120
• and 240
• East 18 in J, and between 180
• and 250
• East in H+K (corresponding to 19 high-airmass observations, see Fig. 3 and Table 1 ). The slope 20 information at these location is not reliable, and interpretations 21 must be cautious.
22
No slope variations are detected in the J-band wavelength 23 range, all the deviations to the average spectral slope (neutral 24 between 1.10 and 1.35 µm) appearing suspicious. We, however, 25 detect possible genuine variations (slope only) over the H+K 26 wavelength range in five regions, labeled A to E (Fig. 5) . Three 27 of them (B, C, and E) present a lower spectral slope (about 28 2%/µm) than the surroundings (the average spectral slope of 29 Ceres in that wavelength range is of about 4%/µm). These lo-30 cation are associated with low-albedo markings at visible and 31 near-infrared wavelengths: feature #7, central part of #2, and 32 East of #6 in Fig. 5 by Li et al. (2006) Fig. 7 by Carry et al. (2008) .
37
Feature D is one of the highest slopes measured in the J-38 band map, although it falls on one of the main noise residuals. 39 It corresponds to the dark feature with a central bright peak seen 40 in the near-infrared images (Carry et al. 2008) . If this round-41 shaped feature is associated with an impact crater, the observed 42 differences in reflectivity and spectral slope may be related to 43 differences in surface age ("fresher" material excavated), or re-44 golith properties (different packing). Given the relative lack of 45 constrains on the surface composition of Ceres, we cannot as-46 sert the causes of these variations. We only report here on the 47 detection of spectral slope variations correlated to albedo mark-48 ings. 
Discussion
50
The handful of features detected here contrasts with the 51 wealth of albedo markings reported by Li et al. (2006) and 52 Carry et al. (2008) based on broad-band photometry in the visi-53 ble and near-infrared with HST/ACS and Keck/NIRC2, respec-54 tively. However, both analyses used deconvolution techniques, 55 which enhance the spatial resolution and photometric contrast. 56 The data presented here still suffers from aberrations introduced 57 by the not fully-corrected atmospheric turbulence, and non-perfect 58 optics of the instrument and telescope. The encircled energy 59 within a resolution element (the core of the PSF, corresponding to about 75 km on the surface of Ceres) will thus only be a por-2 tion of the total energy.
3
The information is thus spread out and averaged with nearest-4 neighbor pixels, lowering the photometric contrast (albedo vari- 
Conclusion
25
We present the first disk-resolved spectroscopic observa-26 tions of dwarf-planet (1) Ceres in the near-infrared (1.1-2.4 µm).
27
Our observations used SINFONI on the ESO Very Large Tele-28 scope and had an angular resolution of about 0.040 ′′ , corre-29 sponding to ∼75 km on the surface of Ceres, and a spectral re-
30
solving power of about 1500.
31
We did not detect any absorption band at the 3.0%, 
